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INTRODUCTION

The following reports were prepared under NASA Grant 81-60, Cytochemical
Studies of Planetary Micro-Organisms, by graduate students in the Design
Division of the Department of Mechanical Engineering. The reports represent
concentrated studies of specific problems encountered during the design of
Multivator, an instrument for the detection of extra-terrestial life. 1In
addition to expanding the store of technology regarding automated biological
instrumentation, the topics covered have provided an educational experience
for the students involved.

The first report, Soil Sampling on Mars for Life Detection, deals with

the problems of sample collection and includes a discussion of laboratory
techniques which would be useful in the deve lopment of a sampling device.

The second report, A Pneumatic Soil Sample Collector, describes a sample

collector which would be useful primarily for Earth-based testing of life
detection instruments requiring the input sample in the form of an aerosol.
The collector design has sufficient merit to be considered as a possibility
for localized sampling of the Martian terrain.

The third report, Delivering and Metering Minute Quantities of a Liquid,

was prepared when it was realized that small volumes of reagents on the order
of microliters or less could be involved in the processes of an automated
wet chemistry laboratory.

The fourth and fifth reports, Miniature D.C. Sclenoids, and Evaluation

of the Hercules BA 31 K/ Motor, were part of an investigation into the

types of mechanical actuators suitable for use in an application placing a

premium on low welight and high energy density.

The sixth report, Feasibility of a Spur Gear Train for "Operating a

Rotary Valve, was a study of the problems encountered in driving a high-

friction, sliding disc valve of the type used in gas chromatography or in
controlling complex, multi-path flows as encountered in automated wet

chemistry systems.



The seventh report, Analysis of a Multivator Module, was an investi-

gation into the dynamic characteristics of a pneumatically-actuated version
of the Multivator in order to determine the effects of pressure levels and
geometry on its performance. The information acquired will support the
development of similar devices where optimization could result in lower

energy requirements and increased reliability.
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I. Introduction

A soil sample is the primary input to most of the life detection
instruments proposed to date since it is believed that if life exists on
Mars, the most common and easily acquired organisms will be soil-dwelling
microbes.

In general, the design of a Martian soil sampler is dictated by the
quantity of sample required and the terrain from which the sample is taken.
Some life-detection tests, such as those based on enzyme activity or bacteria
growth require only a few milligrams of sample. Other experiments may
require several grams of sample, particularly when sample enrichment tech-
niques are to be used to increase sensitivity. Samples may be taken from
terrain ranging from sandy stretches, pebble-strewn desert pavements, to
rocky mountain slopes.

Since microbes are small and have lower density than most rock, it is
likely that a sample collection system will be required to assort particles
according to sige and density in order to reduce the amount of inert material
in the sample.

The preceding discussion identifies the reason for soil sampling and
some of the associated problem areas. What follows is an elaboration on

the nature of the sampling problem and some possible solutions.

II. The Martian Environment and Possible Life Forms

The design of a sample collecting system for a Martian life detection
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instrument must take into account such factors as climate, terrain, probable
life forms and their distribution.

The temperatures on Mars range from -75°C at night to 22°C at noon.
The atmosphere is quite rarified with a pressure at the surface somewhere
in the range of 10 to 100 millibars. The predominant constituent 6f the -
,<0.1%, and H,0<0.1%. Due to the

2 2
low atmosphere pressure, water usually exists either as ice or vapor, al-

atmosphere is nitrogen, about 947, with 0

though at 10 mb pressure and 8°C water can exist as a liquid.
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Most of the planet's surface appears to be covered with bright reddish
or orange areas usually referred to as deserts or continents. These areas
are probably covered with dust deposits formed from rock resembling the
Earth minerals, limonite and felsite. Dark areas are seen as a pattern of
maria, canals, and oases., There are changes in the outline and intensity
of the dark regions randomly and seasonally which may be caused by the
presence of living organisms. However, the dark areas may also be the re-
sult of winds stripping away dust deposits and revealing dark rock surfaces.

The dominant erosive agent is probably wind action although ice wedging
in the polar regions and fatigue due to the extreme daily temperature
variations may be of some account. Wind velocities are estimated to range
from 5 to 35 mph as based on observations of yellow dust cloud movements.

The desert areas might consist of flat plains covered with a mosaic
of pebbles and large rocks with fine particles either swept away by the
wind or lying beneath a surface of larger rock particles.

Biologists presently believe that if life exists on Mars it will most
likely be uni-cellular in its more common forms. Organisms will probably
exist near the surface where there is an opportunity to capture water when
it is deposited as frost or condensation. Life forms will have to be rugged
to withstand wind abrasion, ultra-violet radiation, dune burial, and great
temperature extremes. The organisms will probably be found adhering to
rock particles. If Mars and Earth organisms are analogous, the Martian
organisms will probably have specific‘densitiés of 1.2 as compared to 1.4
for rock and will range in size from 1 to 20 micromns in diameter.2 Bacteria
counts of Earth1§ soil samples indicate that the number of bacteria in a
sample are directly proportional to the total particle surface area per
gram; consequently, samples containing small particle sizes (e.g.<100 microns
diameter) will probably yield the most organisms for analysis., .

Due to the scarcity of water in liquid form, muddy samples are not
expected.. However, the soil may be compacted and frozen into a solid due
to the presence of moisture.

The low environmental temperature and pressure imply that special
precautions will have to be taken to prevent freezing or evaporation of

any liquids used in the sampling device. The same considerations can also
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be used to advantage if necessary. For example, particle fractionation can
be accomplished in a water suspension with subsequent removal of the water

by evaporation.

III. Particle Collection, Transport, and Fractionation

A. Particle collectors can operate on the basis of adhesion, air
movement, or mechanical motion. For example, adhesive surfaces pro-
duced by sticky coatings or electrostatic charges have been developed.
Vacuum cleaners, and rotating brushes that sweep the particles into
a scoop are other possible means for collecting particles.15

A miniature vacuum cleaner, devised at the General Mills Corporation,
is intended to be carried over the Martian surface on inflated balloon
tires at distances up to 10 feet from the main instrument package.12
Dust particles picked up at the intake are pneumatically propelled
through a hose into the main instrument package where they are col-
lected. A motor-driven blower provides the required vacuum. The
device can pick up 0.2 grams per minute of particles ranging in size
up to 100 microns in diameter with a power consumption of 5 watts.
The wheels and connecting hose are collapsible in order to minimize
the storage volume.

" The Gulliver life detection instrument makes use of chenille
strings, or grease coated strings, which pick up particles as the
strings are dragged over the ground.16 In operation, a projectile
containing a spool of string is fired away from the instrument while
one end of the string remains fastened to a motor-driven drum in the

instrument. After the p lands, the strings are reeled in.
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The string collector works well since it does not have to be oriented
in any particular position on the surface in order to operate properly,
and, being light weight, it moves easily over obstructions.

A particle collection system designed at JPL consists of an
electrostatically charged plastic strip which attracts particles as it
is dragged over the surface.15 The plastic strip is actually a flat-
tened tube which is initially wrapped on a drum. The tube is inflated,
causing it to shoot across the ground in the manner of a party favor.
As the charged strip is reeled in by means of a motor, the particles

are scraped into a trough.
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A dust collector used with the field-test version of the Multivator,
consists of an inverted funnel with air jets at the base and a pneumatic
aspirator at the topf In operation, the air jets create an aerosol
which causes large particles to swirl around the base continuously
while finer particles rise to the top where the aspirator propels them
pneumatically into the instrument proper.

An experimental dust collector designed at Litton Industries is
simply a shallow open box with a brush on one edge, air jets inside the
box, and a tube connecting the collecting head to the instrument proper.
In operation, the open side of the box is placed on the ground and drag-
ged over the surface. The brush scours particles from the surface while
the air jets cause the particles to form a cloud which is then picked
up by a pneumatic aspirator.

A simple means for collecting particles might consist of a mat laid
on the ground and periodically rolled in to collect wind-borne particles
which may have settled on it. A funnel mounted on a weather-vane might

also be used to capture wind-borne particles.

B. Particle Transport

Once the particles have been collected, they can be transported to
the processing centers by direct mechanical motion, e.g., a conveyor
belt, or in the form of an aerosol. The transport of particles in the
form of an aerosol requires velocities high enough to prevent particles
from settling out in the transporting tube. Since air flow is directly
related to electrical power consumption when a blower is used, or to
the size of a compressed air storage vessel, it is worthwhile optimizing
the air flow required for transporting particles in a given size range.

Theoretically, the critical velocity for conveying a particle up-
wards in air is slightly greater than its terminal velocity while falling
in air. Consequently, if the terminal velocity of the largest particle
to be transported is calculated, this will form a basis for estimating
air flow requirements. The terminal velocity of a falling spherical

particle in the Martian atmosphere can be calculated using Stoke's

equation:

*
See Figure 1,
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Figure 1: Soil Sample Collector
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(1) 2
2 gr (p-p')
9
g = acceleration of gravity
p = density of particle
p'= density of air
n = viscosity of fluid
r = radius of particle

v = terminal velocity

If p'<<p, then equation (1) reduces to

2gr2p
EL

A sample calculation will indicate the velocity required to

transport 100 micron diameter particles on Mars.

g = 370 cm/sec2
p=1.5 gm/cm3
p'= negligible

1.4 x 107% B2 (88.5 mb, -75°C)

n = cm.sec
r=50x 10"% cn
V= (20370 60x107H%(.5) |, em
9x1.4x10~4 sec.
v-=143.4 ﬁg—
min.,

Consideration of Stoke's equation shows that the transported
particle diameter is proportional to“v,‘and therefore not a sensi-
tive function of the air velocity. Consequently, to assure maximum
particle transport, the velocity should be markedly increased over
the minimum required. Pneumatic particle conveying systems in
industrial applications typically use velocities several times the

terminal velocity of the largest particle.
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A second consideration for the required air velocity is based
on the boundary layer thickness in horizontal conveying tubes. A
problem with horizontal tubes is that particles can settle out of
the air stream into the stagnant boundary layer. High Reynolds
Numbers corresponding to high flow velocity would probably mini-

mize the problem of settling during transport.

Separation of Particles from the Air Stream

Assuming that the dust particles are pneumatically conveyed
from the collection head to the instrument proper, it is necessary
to separate the particles from the air stream. Separation can be

achieved by several means listed as follows:

Filtration

Cyclone separation

Settling

Electrostatic precipitation
Thermal precipitation
Impingement

Centrifugal separation

N P WN

1. Filtration
In using filtration, sufficient filter area must be used to
assure low flow resistance as the particles accumulate on the
filter surface. The following calculation will give an indi-
cation of the area required to maintain low flow resistance,
and, consequently, pumping power.
The pumping power is given by the following equation:

(2)
P = Qap

volumetric flow rate

Ap= pressure drop across filter
The pressure drop is a function of the filter flow resistance,

flow rate, and filter area,

(3)

= R
Ap A
The pumping power is found by combining equation (2) and

(3),
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(4)

P= (@D
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We shall assume that Millipore filter paper is used with an
8 micron pore size.17 This type of filter paper has unusually low
flow resistance for retaining particles of a given size. Accord-
ing to the calculations in the preceding section on particle
transport, a flow velocity of 80 ft/sec in a tube 3/16 diameter
should transport particles below 100 microns. This corresponds
to a flow rate of 0.015 ft3/sec. The flow resistance of Millipore
filter paper is 64.6 1b sec/ft3 at 88 millibars pressure.
Assuming that the pumping power shall be limited to one watt

initially, the filter area required is,

2
4o OR

P
Q = 0.015 ft3/sec
R = 64.6 1b.sec/ft3
P =1 watt = 0.738 ft.1lb/sec
5 o £0.015)2(64.6)

(0.738)

A= 1.97x10_2ft2 (roughly equivalent to a 1 inch diameter

disc)

Cyclone Separation

Cyclone separators of the type shown in Figure 2 utilize
centrifugal force to separate particles from the air stream.
In operation, dust-laden air enters the cylindrical section
of the separator tangentially and at high velocity. A vortex
is formed in which particles are propelled against the walls
and fall to the lower end of the cone while clean air travels

up and out the top.
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Dust and air in

Dust out

Cyclone Separator

Figure 2
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The centrifugal settling velocity, which is the radial velocity
of a dust particle, is expressed by the following equation:

2
(5) avd 8 (P " Py Vt2

Ve T 7K i R

This equation is a modification of Stoke's equation given

11
in the same reference as,

2
d -
(6) _ avL g(p Do)
V -
K H

= tangential velocity of inlet air
= terminal velocity of particle

= centrifugal settling velocity

v

v

v

d = particle diameter
g = acceleration due to gravity

K = 30 for spheres

p = density of particle

p. = density of fluid

= constant where Q;d3 = volume of particle
MU = viscosity of fluid

R = radius of circular path of particle

A comparison of equations (5) and (6) shows that

2
(7 ve,
V. =V XIS
c Rg
2
vt
The factor i—— is called the separation factor, and is a
g
measure of the increase in separaticn resulting from using

centrifugal action to augment gravitational action.
A sample calculation will illustrate the utility of the
cyclone separator. Assume that the tangential inlet velocity

is 30 ft/sec. and the radius of the separator is 2 inches,
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The value of g on Mars is about 12 ft/sec2

v2t (30)2
Rg _ (1/6)(12) ~ 0

The cyclone separator could thus cause particles to settle
out of the air in 1/450th of the time it would take for them

to settle out of still air.

Settling Chamber

Settling chambers depend entirely on gravitational forces
for their operation and consequently are not efficient for
separating small particles which settle very slowly. The
settling chamber must be large enough so that the inlet air

velocity is quickly dissipated to a negligibly low value.

Electrostatic Precipitation

Electrostatic precipitation is known to be particularly
effective in collecting fine dust particles down to sub-micron

6,11 Collectors of this type make use of a corona dis-

size.
charge to induce a charge on the particles to be collected.

The charged particles are then attracted to a surface with an
opposing charge. A practical electrode configuration consists
of a cylinder, the anode, with a concentric wire cathode. The
dust is blown through the tube and impinges on a charged metal
plate where the particles adhere. Potentials used in electro-
static collectors may range from 5 to 100 KV. The collection

efficiency when working with dry, non-conductive dusts can be

improved by moistening the particles with water vapor.

Thermal Precipitation

Thermal precipitation has been used as a means for collecting
dust particles.6 This technique is based on the fact that the
air molecules near a heated surface have a preferred direction
of motion away from the surface. Consequently, if air contain-

ing dust particles is passed between two surfaces, one heated
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and the other cool, the air molecules will tend to be re-
pelled from the hot surface toward the cold surface and in
so moving will impact the dust particles against the cold
surface. ”

Thermal precipitators are considered to be efficient,
particularly for collecting particles in the sub-micron size
range. They have the disadvantage of being relatively slow,

although thermal precipitators have been made which can

handle one liter of air per minute.

An equation has been developed relating the thermal force

on a spherical particle reproduced as follows:6

(8) k 2

F, = -9 g ETG
a i
Ft = thermally produced force
r = radius of spherical particle, cm.
ka = thermal conductivity of the gas, cal/cm sec °K
ki = thermal conductivity of spherical particle, cal/cm sec
n = viscosity, poises
p = density of air, g/cm3
T = absolute temperature, °K
G = temperature gradient, °K/cm

Impactors and Impingers

The operation of impactors and impingers is based on the
fact that if air containing a particle suspension is passed
through a nozzle and the resulting jet is directed at a sur-
face, the direction ¢f air flow changes abruptly at the sur-
face. Particles in the air stream, however, continue toward
the surface due to their momentum and will cling to the sur-
face if the surface is sticky or wet or as a result of inter-
molecular forces in the case of very small particles.

Separators of this type have characteristically high collection

°K

efficiencies, approaching 100% for particles down to 0.6 microns,
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and collect particles in a sharply defined size range6a It
is possible to construct an impinger type dust collector

with several stages of nozzles in series, each successively
smaller in diameter. The result is a collector which separ-

ates the incoming dust particles into size fractions.

7. Centrifugal Separation

Centrifugal dust separators resemble impactors in principle.
A centrifugal blower augments the velocity of the incoming air
stream and propels the air and dust particles in an outward,
radial direction toward a collection chamber as shown in
Figure 3. The air path curves sharply immediately in front
of the collection chamber so that dust particles continue
along a radial path into the chamber while the air completes
the curve and is exhausted. There is no air flow through the
collection chamber. A centrifugal dust collector was suc-
cessfully used on one version of the Multivator.

In industrial applications the efficiency of this type of
collector is sometimes improved by recirculating through
the blower some of the air from the dust collection chamber
and by adding a water spray to the incoming air so that the

dust is handled as a sludge.

D. Particle Fractionation According to Size or Density

Microbes on Earth are typicaily of a size ranging from 1 to 20
microns in diameter with a specific density of 1.2 as compared to 1.4
for typical rocks.2 Assuming that Martian bacteria fall in a similar
size range and have a characteristic density, then we have a means for
differentiating the bacteria from the inert surrounding material.

The separation of inert soil particles from bacteria according to
density can be achieved using flotation methods. To illustrate, the
sample is placed on the surface of a solution having a density less
than that of the inert, rocky material but greater than that of the

bacteria. The result is that rock particles will eventually settle

(13)
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to the bottom of the solution while the bacteria remain floating on
the surface where they can be decanted.

A variation of the flotation technique known as density gradient
centrifugation can separate a samgle into density fractions. 1In this
method a centrifuge is filled with a solution of varying density where
the density is greatest at the outermost radius and decreases toward
the center of rotation, A suspension of the soil sample is layered
on the surface of the density gradient solution and then centrifuged.
After some time, all particles reach an equilibrium position where
the particle density is equal to the density of the surrounding fluid.

A disadvantage of flotation techniques is that a large proportiom
of the bacteria may adhere to the inert particles and would therefore
be removed along with these particles. Attempts have been made to re-
move bacteria from soil particles by sonification and the addition of
chemicals or detergents to a suspension which have the effect of re-
leasing the bacteria.

Particle size fractionation can be achieved by several means, the
most practical beings sieving, sedimentation, elutriation, and multi-
stage impaction. Multi-stage impaction was mentioned in the preceding
section describing collecting techniques. The other size fractionating
methods will be covered in the next section which describes laboratory

measurements of particle size.

Particle Size Determination in the Laboratory

A. 1Introduction

The development of soif sampling systems for Martian life detection
instrumentation requires a good knowledge of the various techniques
used in particle size analysis. Some of the more applicable techniques
will be described in the following sections, in addition to a discussion
of the various criteria used to define particle size.

Particles are usually irregular in shape and rarely spherical,
however, certain parameters can be decided upon as a definition of

particle size, For example, the diameter of a particle can be defined

(15)
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as the arithmetic mean of the length, breadth, and thickness of the
particle. Assuming the particle is resting on a horizontal plane in
the position of greatest stability, the breadth is defined as the dis-
tance between two parallel lines tangent to the projection of the
particle on the plane and placed so that the distance between them

is as small as possible. The length is the distance between two
parallel lines tangent to the projection and perpendicular to the lines
defining breadth. The thickness is defined as the distance between
two horizontal planes tangent to the top and bottom surfaces of the
particle.6 Several other definitions of particle diameter are the
following:

(1) The diameter of a particle is equal to the diameter of a
circle having the same area as the projected area of the
particle when the particle is in its most stable position.

(2) Particle diameter can be based on the figure obtained by
projecting an image of the particle onto a plane surface.

A line drawn between opposite sides of the particle and bi-
secting the projected area is defined as the particle diameter.

(3) An easy to apply definition of particle diameter when making
microscope measurements is that particle diameter is the dis-
tance between two tangents to the particle.

(4) Particle diameter is sometimes defined as the diameter of a
spherical particle which has the same dynamic characteristics
as the irregular particle. The diameter can be calculated
by observing the fall of the particles in a fluid and making
use of Stoke's Law for spherical particles. Similarly, the
diameter of a particle can be based on the results of tests

using standardized sieves.

(5) When an accurate description of particle shape is important,
a microphotograph is the best solution. Such factors as
flakiness, crystallinity, sphericity, and color are easily

described by a photograph.
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B. Microscopy
An optical microscope is useful for particle size determinations

in the range of 0.2 to 100 microns. The lower limit of resolution of
a microscope using visible light is 0.2 microns; however, by using
ultra-violet light and a fluorescent screen or photographic film to
render an image, measurements can be made down to 0.l microns. An
electron microscope is more practical than an ultra-violet microscope
when measuring particles 0.2 microns or less in diameter.

Measurements can be made with the microscope by means of an ocular
micrometer which is a transparent scale placed in the focal plane of
the ocular. The ocular micrometer is calibrated by means of a stage
micrometer with linear rulings.

The thickness of a particle can be measured by focusing first on
the top and then the bottom of the particle. The thickness of the
particle is then determined by the amount of rotation of the fine-
focusing knob which must be graduated. Calibration of the fine-
focusing knob graduations is accomplished using a fine fiber of known
diameter.7

An indirect way of measuring particle size is to photograph the
particle sample and make measurements on an enlargement. A disadvan-
tage of photomicrography is that the particles may not be in as sharp
focus as when direct observations are made as a result of the eye
being more accommodating than the camera and also because focus can
be adjusted during direct measurements.

Micro-projection apparatus can also be used for measuring particle
size and determining size distribution. In this technique, an intense
light source is used to project an image of the particles onto a screen.

The selection of a sample prior to determining particle size dis-
tribution by microscopy is of critical importance. If the particle
size range is very wide, there may be hundreds of small particles for
each of the large ones. In this event, the sample should be divided

into size classes, each of which is analyzed separately.
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A slide can be prepared by first coating it with an invisibly
thin layer of vaseline. A tube is vertically positioned over the slide
and a pinch of the sample is dropped in the upper end of the tube. The
particles will then settle in a uniformly thick layer on the slide.
Particles in a liquid suspension can be conveniently counted and

sized by placing the sample in a hemacytometer cell.

C. Sedimentation

The sedimentation velocity of small particles in liquids or gases
can be used as a basis for determining the size distribution of parti-
culate material ranging in size from 2 to 50 microns. Sedimentation
techniques can also be used to separate the material into size fractions.

Sedimentation tests often start with a uniform suspension of
particles in a tall vessel. At successive time intervals, the total
amount of material remaining in suspension above a certain level is
determined. Alternately, the total amount of material which has set-
tled below a certain level can be determined. The results are plotted
as a weight versus time curve. The problem of calculating the size

6
distribution from this curve can be solved as follows,

Let h the settling distance
W = total fraction sedimented at time t

w = the fraction consisting of particles
whose settling times for the distance
h are equal to or less than t

t = time at which weight W is determined.

The equation governing the sedimentation process is,

o
£

(9) W=w+t

wr
v

(=N
-r

The desired quantity, w, can be obtained from the W vs. t curve
by a graphical analysis, as shown in Figure 4.

The size of particles having a falling time of a given value can
be determined using Stoke's equation. The falling velocity v, is

given by,
h
(10) Vo ST
W
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Equation (10) can be related to Stoke's equation for spherical
particles,

2 '
2gr”_(p - p")
w I

(See page for definition of symbols)
The particle radius can be found by equating (1) and (11) and

solving for T

(1) r = —2ab
Yoo2g(t ) - p")

The total weight fraction, W, can be determined by placing a
balance pan at the bottom of the column. Single-pan, substitution type
balances are well suited for this purpose since the pan oscillates very
little during a weight determination, and weight can be determined quickly.

Another technique for determining size fractions involves placing
a liquid suspension of dust particles on the surface of a clear liquid
column. The concentration of particles at a particular level is then
determined at regular time intervals by drawing off a sample with a
pipette. The sample is placed in an evaporating dish and the remaining
particles are weighed.

An important consideration in conducting sedimentation tests is
the choice of fluid. The fluid should be sufficiently viscous so that
the Reynold's Number is less than 1, which is a requirement for Stoke's
equation to be accurate. For higher Reynold's Numbers, a form of
Stcke's equation including the Cunningham slip correction factor must
be used. However, the fluid should not be so viscous that the test
will be excessively prolonged. Another consideration is that the fluid
should not dissolve the particles or chemically react with them. Some
commonly used fluids are water, alcohol, mixtures of acetone and
vegetable o0il, mixtures of glycerol and water, and air. When water
is used as the suspending medium, salts or wetting agents may be added
to prevent clumping or coagulation of the particles. Some commonly
used salts are sodium pyrophosphate, calcium chloride, or potassium
citrate used in 0.l mole concentrations or less. Microscopic examina-

tion of a drop of suspension will reveal whether coagulation is occurring.
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Particle concentrations of about 1% of the fluid volume are usually
used to assure accurate results.

Sedimentation methods depending solely on gravitational forces are

limited to determining the size distribution of particles 2 microns or

. larger in diameter. Sedimentation times for smaller particles may be
excessively long or in error due to convective currents and Brownian
movement effects. Centrifugation can be used to extend the range of
sedimentation tests down to 0.05 microns. A modification of Stoke's
equation relates particle diameter to the centrifugation parameters

as follows:6

~
.
N
o
]
|

w = angular velocity of centrifuge

S, = distance from center of rotation to
the

S,.= distance from center of rotation to
the bottom of centrifuge tube

= fluid viscosity
= particle density

n

o}

p'= fluid density

t = time interval of centrifugation
d

= particle diameter

For a given set of experimental conditions, equation (12)

reduces to
_ constant

N~

D. Elutriation
Elutriation methods for size fractionation involve passing a
stream of fluid upward through a bed of particles. Depending on the
flow velocity, particles 6f a given size will remain suspended in the
stream while larger particles settle and smaller particles follow the

flow.
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The elutriating fluid can be a liquid or gas. Particles may be
removed from the fluid stream by filtration, or if the fluid is a gas,
by impaction. If the process is carried out in steps using successively
higher fluid velocities, the sample can be divided into fractions ac-
cording to particle size.

Elutriation is the opposite of sedimentation but is also based on
Stoke's equation for falling particles and consequently measures the
same characteristics. The fluid velocity for suspending particles of
a given size is equal to the terminal velocity for particles of the
same size falling in the fluid. This velocity can be calculated using

Stoke's equation,

E.  Sieving

Sieving methods involve taking the sample and passing it through
sieves of various standard meshes. The sample is usuwally dry and is
caused to flow through the sieve by tapping or vibrating the latter.
Sieving methods are not ordinarily used for separating particles less
than 100 microns in diameter since other methods, as described pre-
viously, are more convenient. Fine-mesh metal screens are available

with pore sizes down to a few microns.

V. Conclusions

When the need arises to collect and move particles about on Earth, one
ordinarily resorts to vacuum-cleaner-like devices for fine particles and
scoops or shovels for large particles. Since an atmosphere exists on Mars,
the problem of particle collection is similar to that on Earth, and one
would conclude that pneumatic collection and transport methods would be
most effective for fine particles. The vacuum necessary for pneumatic
particle collection and transport can be produced by either an electrically-
powered blowexr or a compressed-air aspirator pump.

Particle size fractionation can most easily be accomplished with a
multi-stage impactor as described on page 13. Filtration can also be used
for size fractionation; however, removal of the particles from the filter

pores might be difficult,

(22)



A centrifuge could be used to fractionate particles on the basis of
size and density. Centrifugation in a fluid of uniform density would be
used to separate particles according to size. Further separations ac-
cording to dénsity could be obtained by means of density gradient centri-
fugation. The resulting size and density fractions could be individually

studied for evidence of life,

(23)
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OPERATION

The soil sample collector was designed to pick up particles of dirt
from a flat surface and deliver them to the Multivator in the form of an
aerosol, The collector uses compressed air and will collect only those
particles smaller than 100 microns (.004 inches) in diameter when oper-
ated at an appropriate pressure,

Figure 1 shows the device in a cutaway view., The heart of the unit
is the aspirator. The small tube in the center of the aspirator shoots
a primary jet of high velocity air into the larger diameter outlet.

Thus a low pressure zone is formed immediately behind the primary jet,
and a secondary air stream is forged through the slots at the base of the
agpirator, The three aerosolizer jets stir the dust particles through a
spiraling path into the plastic funnel where they enter the secondary

air stream of the aspirator, The air is supplied to the four jets by a
circular pressure manifold in the aluminum base of the collector. The

manifold is connected to the compressed air supply.
DESIGN

From information determined experimentally, the secondary flow rate
was found to be approximately twice the primary flow rate at working
pressures in the range 10-50 psi.

Since it was desirable to have the collector self-contained and

independent of the outside atmosphere, the total flow rate of the three

aerosolizer jets was set equal to the secondary flow rate of the aspirator.

The problem therefore reduced to finding tﬁe correct inside diameter of
the aerosolizer jets, given the diameters and lengths of the tubes making
up the primary jet. This was accomplished by assuming that all flow
resistances are due only to the internal resistance of the tubes,which
were small enough in diameter to be considered as capillaries.

Following is the analytic solution to the above problem.



R, = flow resistance of primary jet

P
RP’%E
P
where
AP = manifold pressure (gage)
FP = primary flow rate

Rj = flow resistance of one aerosolizer jet

where

Fj = flow rate of one aerosolizer jet

FS = secondary flow rate
FS = 2FP =3 Fj
. Fj =2/3 FP
R, R
3 P
Fj = 3/2 RP
DP = inside diameter of primary tubes
DP = .020 inches
LP = total length of primary tubes
LP = 1,6 inches
_ 1b,.sec, *
RP = 1.0 5
in
.. R.=1.5 1b.sec.
J in

*
Gibson and Tuteur, Control System Components, p. 446, Fig. 12-10

3



L, = length of one aerosolizer jet
L, = .5 inches
Dj = inside diameter of an aerosolizer jet

', D, = .015 inches

Aerosolizer tubes of the above diameter and length were cut from
hypodermic needles and epoxied into holes in the aluminum base, They
were bent 45° downward as well as 45° in a tangential direction in order
to create a swirling action forcing the larger, unwanted particles to the
side and the smaller particles up into the aspirator. Figure 2 is an
assembly drawing of the collector showing dimensions and materials.

The collector was tested using samples of spherical glass beads of
various diameters from 60 to 150 microns. A small sample of beads of a
particular diameter was placed on a flat surface under the collector
funnel. The pressure was increased slowly until the beads were seen to
be ejected out the top. Figure 3 is a graph showing the manifold pres-
sure required to pick up glass beads of a given diameter. The curve
shows that if the operating manifold pressure is 38 psi, the cutoff point
for glass beads will be 100 microns.

To check this result on dirt particles, various samples of soil were
collected at the 38 psi operating point. The results showed that the
100 micron cutoff point was reasonably good for a wide variety of particles

including gravel, black dirt, and chopped leaves.
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Introduction

The object of this report is to discuss suitable methods for
delivering and metering minute amounts of a given liquid which might be
on the order of one microliter. The development of these techniques is-:
important in certain aspects of biological research. As an example one
might be interested in injecting a precise volume of a liquid chemical
into the brain of an insect. Another example might be the delivery of
a small finite volume of a reagent to see its effects on a single cell
plant or animal.

The content of this report will be limited to the problem of
titration wherein the delivered quantities of the liquid are minute and
are capable of being measured to an order of accuracy of about one per
cent of the delivered volume.

An attempt will be made to exercise the problem of titration by
breaking the discussion’into two categories, delivering and metering

techniques.

Techniques of Delivery

We have observed that a liquid flowing slpwly from the tip of an
eye~-dropper does not emerge as a continuous stream but as a succession
of drops. A sewing needle, if placed carefully on a water surface,
makes a small depression in the surface and rests there without sinking,
even though its density is many times higher than that of water. When a
clean glass tube of small bore is dipped into water, the water rises in
the tube, but if the tube is dipped in mercury, the mercury is depressed.
All these phenomena, and many others of a similar nature, are associated
with the existence of a boundary surface between a liquid and some other
substance. All surface phenomena indicate that the surface of a liquid
can be considered to be in a state of stress, the material on one side
of the line of contact exerts a pull on the material on the other side.
This state of stress at the interface of two dissimilar materials is
called surface tension.

In many engineering problems this surface phenomena is usually
ignored since the magnitude of these forces is negligible relative to

the other forces in a given system. For example the pouring of a large



volume of water from a beaker (say 200 ml) can be precisely metered
and delivered in a number of ways. There is usually a residue in the
beaker due to the 'wetting" action of the water on the surface of the
bucket. However, the obvious affects of gravity completely dominate in
this situation and the residue remaining in the beaker 'is negligible
relative to the net delivered volume.

If we can imagine the beaker shrinking in size we see that the
residue remaining after the liquid is poured becomes more and maee a

significant part of the total volume.

Capillarity
When a small bore glass tube is dipped into a container of water,

the water will rise in the tube to a given height above the surface of
the water in the container. On the other hand, 1f mercury is used
instead of water it will be seen that the column will be depressed below
the surface of the mercury. It can be shown that this phenomena is
directly related to the effects of surface tension. A discussion of
these relationships can be found in any number of physics textbooks and
will not be developed here. However, the above phenomena of capillarity

can be shown to follow the formula

- 25¢cosh
p8T

The terms are defined in the cgs system as:

y = height from surface of the liquid -cm

S = surface tension between the liquid and air (saturated
with its own vapor) - dynes/cm

p = mass density of the liquid - gm/cm

r = radius of the capillary tube - cm

g = acceleration due to gravity - cm/sec2

6 = contact angle between the liquid and the wall of the
éﬁﬁé - degrees

In the above examples the angle of contact between water and the glass

is less than 90° giving a positive value for y. And in the case of



mercury the angle of contact is greater than 90° giving a negative
value for y (see Figure 1). Obviously if‘ g = 90° then the height
y = 0, i.e., no capillarity will exist.

If the liquid can be made to '"wet'" completely the interior of the
tube its angle of contact with the wall is zero.

It can be shown that the meniscus is hemispherical and its radius
is simply the radius r of the tube. The above formula does not take into
account the height of the meniscus. If the height of the meniscus is not
wholly negligible with respect to y then the mean value of y can be ob-

tained by adding 1/3r to the height of the lowest point on the meniscus.

The formula y = Z%é%ﬁ@ + % is found to hold for tubes of as much as

1 mm diameter. For our purposes we shall confine ourselves to tubes of
1 mm or less in diameter.
Certain observations can be made about the surface tension S. Experi-
ment shows that S almost invariably decreases with rise in temperature.
The following formula for surface tension at temp t °C is found to hold
well:
s, =8, -% "
c
where So is the value of § at 0°C
n is a constant which varies slightly from liquid to liquid but
has a mean value of 1.2,
t. the temperature where the surface tension between the liquid
and its vapor. is zero.
Figure 2 shows a plot of surface tension of water to air versus temperature.

Micropipets
Pyl i) My

Pipets of any size can be made simply by heating a glass tube under

- a flame of reasonably high temperature until the glass becomes soft and

pliable. The tube is then withdrawn from the flame and is pulled at a
constant rate. The tube will 'meck" down to the approximate desired
diameter at which the pulling motion ceases. In the case of micropipets
it is desirable to perform the pulling or drawing operation in at least

two successive stages. For example, if we begin with a tube of about



8 mm 0.D, and 6 mm I.D. we may draw down to an 0.D. of about 1 mm,

After permitting the glass to cool, it may be heated again at approximately
the center of the reduced section. The process of heating and drawing the
glass tube is repeated once again except that a narrower flame must be used.
The advantage of drawing in successive stages is that the amount of taper in
the drawn portion is minimized., The final stage results in a tube having a
bore ranging from 20 to 50 micrometers. It is usually not convenient to use
pipets with smaller diameters since they are liable to become clogged.
Micropipets may be categorized into two groups, those that depend for
operation upon the strong surface tension at the tip, and those where-

the surface tension is elimindted from the bore of micropipet. The
technique for eliminating surface tension will be discussed later.

For the first case it is found that the pressure inside the pipet is
usually slightly higher than the atmospheric pressure, but the strong
surface tension of the meniscus at the orifice prevents outflow of the
working liquid into air. When this type of micropipet is adapted to a
micrometer syringe, and with the air cushion in the pipet at a pressure
higher than atmospheric, delivery is immediately obtained by immersing
the tip into the experimental 1liquid in a watch glass or slide. 1In
operating this type of micropipet the plunger of the syringe is depressed
to a position where the liquid just begins to emanate from the tip of the
micropipet. At this point the micropipet is carefully lowered intc the
liquid medium so that the liquid at the tip of the micropipet just touches
the surface of the liquid medium. As the syringe is further depressed
the liquid from the micropipet will be delivered in a continuous flow.

The flow is stopped by withdrawing the tip from the liquid. In this
manner the orifice at the tip acts 1ike a stopcock for controlling the
liquid flow. One advantage of this type of pipet is that, due to the
strong forces at the meniscus, the working droplet remains at .the tip
without danger of outflow regardless of slight displacements of the
plunger, which might accidentally occur. Of course the obvious disad-
vantage of this sort of system is that the experiment must be performed
in a liquid medium and cannot be used effectively for delivery to a dry
surface. Furthermore, precise quantitative deliveries are virtually

impossible.



The other type of micropipet is one in which the surface tension is
eliminated. The intent here is to improve the control of liquid flow
from the pipet. The bore of the micropipet is made water repellent by
treatment with Teddol, Akard, or paraffin wax. The effect of this treat-
ment 18 to increase the contact angle to a walue slightly greater or equal

2]
to 90 degrees. From the formula for @¢apillarityy = 25co87 we see that

y is zero or some small negative value when the contactpgigle 6 = 90°
or some value slightly greater than 90°,

Teddol and Desicote are commercial names of mixtures of volatile
methyl chlorosilanes which may be used to eliminate surface tension. The
tip of the clean and dry pipet is dipped in the liquid and suction is
applied through the stem until the liquid fills the bore of the micro-
plpet. After a few minutes the liquid is expelled. By this treatment
the surface in contact with the 1iquid becomes water-repéllent. Surface
tension effects are almost completely eliminated, and the flow of liquid

.will depend almost entirely on the pressure applied by the nlicrometer
plunger.

Methods similar to that described above are used when applying Akard
or paraffin wax, 1In the case of paraffin wax the molten form is used.
However, a serious disadvantage of wax coating is that a portion of it
occasionally becomes detached and may get into the sample. For this
reason, micropipets coated with paraffin wax are absolutely unsuited for
gravimetric work.

Micropipets treated with these silicone water repellents (Teddol,
Desicote) have several ddvantages. They are readily cleaned and dried
since adhesion of aqueous solutions to the glass is greatly reduced by
the repellent film. They also drain more completely than the ﬁncoated
pipets, and this minimizes the need for rinsing. If water-repellency is
complete, micropipets deliver quantitatively the solution which they
contain. This improves the precision of delivery of measured volumes
since no residue is left which may be poorly reproducible. Complete
water repellency produces a flat meniscus (6 = 90°) which is more
accurately read, improving the precision of calibrated micropipets.
Furthermore, siliconizing the outside surface of the pipet inhibits the

delivered liquid from creeping up on the outdide of the tip.
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Micrometer Syringe

A typical micrometer syringe is shown in Figure 3. It consists of
a glass hypodermic syringe of a marrow uniform bore, attached to a
micrometer screw, The glass syringe is held in a rigid framework and
is secured in position by a collar. The plunger of the micrometer head
presses directly on the piston of the syringe. The piston is spring-
loaééd by placing a weak spring constructed from piano wire around its
stem so that the spring is held between the head of the piston and the
1ip of the syringe barrel. Spring loading in this fashion ensures that
the piston may be advanced or retracted without lagging behind the
corresponding movement of the micrometer plunger.

The micropipet is constructed in such a way as to be easily attached
to the glass syringe by a simple rubber joint. 1In use, the syringe, the
stem of the micropipet, and a part of the shank are compleﬁely filled
with water. The rest of the shank contains an air cushion which serves
to separate the water in the syringe from the sample or reagent solution
in the tip or shaft of the micropipet. This air cushion transfers the
pressure from the micrometer plunger via the piston of the syringe and

the water column to the reagent solution in the shaft of the micropipet.
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OUTLINE OF A PROGRAM FOR FUTURE STUDY

I. Survey of current literature
A. Contact of manufacturers
1. Reading of descriptive literature
a. Techniques of glass working
b. Various design approaches to automatic titration
I1. Research of various textbooks
A. Calibration methods
1. Application of stereoscopic microscope
a, Develop quantitative means of measuring volumes.
I1I. Set up elementary facilities |
A, Build a micrometer syringe
1. Apply the syringe as a basic tool in metering quantitative
amounts of a given liquid.
B. Build glass drawing equipment
1., Fabricate micropipets
C. Build an automatically operated micrometer syringe
1V. Academic Studies
A, Investigate surface tension phenomena
1. Aqueous solutions
B. Consult with various knowledgeable members of the faculty

at Stanford



R
>

ll‘
!|

_—-——CC—--q
I
i
i
kN

J:??—_;:g
= e V0= =— ———
== == /==
= — — = - — — / _-—_:_— e
e == f’l‘@ =

Figure 1

Surface Tension Forces on a Liquid in a Capillary Tube.

The liquid rises if 8 < 90°and is depressed if 6 >.90°
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The purpose of this paper is to provide a means to compare miniature
solenoids with other small, energy coﬁVerting devices such as explosive,
hydraulic, or pneumatic actuators. The material used in this paper was
extracted from a catalog of solenoid components published by the Western
Division of Imc Magnets Corporatiomn.

The data on the following pages is restricted to linear DC solenoids
weighing less than one pound. The maximuﬁ work done by a given solenoid
was calculated by counting the squares under the force-displacement curve
as given in the catalog. The curve representing the maximum rated voltage
was used in all cases. The solenoid volumes listed are only approximate
since they were calculated from the rough overall dimensions shown in
the catalog.

The solenoids were divided into three classes: (I) single coil-
pull-continuous operation; (II) single coil-pull-intermittent operation;
and (III) single coil-push-continuous operaticn. The double coil solenoids
were placed in the second classification since the coil used to do the
work is operated intermittently while the additional coil only acts to
hold the plunger at the end of the stroke. Page (5) is a summary of the
data obtained for the three classes. Ncte that two different solenoids
of a given weight may produce totally different amounts of work. This is
due to variations in the shape of the plunger tip. Flat-faced plungers
are used for relatively high forces at short strokes while conical-ended
plungers are employed for a more constant force over a longer stroke.

Pages (6-10) are plots of various portions of the data given on

page (4). The lines drawn on the graphs are meant to show only an
average linear relationship between the ordinate and abscissa, and there
is no intent to imply that the actual relationship should be linear. The

results of these graphs can be summarized as follows:
0z
3
IN i
(2) Average work done by class I solenoids (pull-continuous):

IN-0Z
0z

(1) Average density of all solenoids: 3.3

1.4
(3) Average work done by class II solenoids (pull-intermittent):

IN-0Z

4.5 oz




(4) Average work done by class III solenoids (push-continuous):

IN-0Z
.62 _62—_(UP to weight of 8 oz.)

IN-0z

1.4 oz

(above 8 oz.)

The variation in the work done by push type solenoids is believed
to be due to the fact that in small solenoids the hole in the stop or
anvil is a relatively large fraction of the overall diameter of the
plunger thus decreasing the number of flux lines acting between the
anvil and the plunger. The work-to-power ratio is some indication of the
efficiency of a solenoid, particularly in applications where response time
is not critical. The plot of work-to-power ratio vs., weight for class I
solenoids (page 7) shows that, in general, heavier solenoids are more
efficient.

Note that all of the graphs show the maximum work that a particular
solenoid will deliver. 1If the power input is decreased, the work output
will decrease proportionately. 1I1f, however, the power input is increased
so that the voltage is higher than the maximum rated figure, there may
not be a continued increase in work output. This is because the iron
becomes saturated with flux lines. This characteristic sets the practical
limit on the maximum force available from a given solenoid. The formula
for the force produced by a circular flat-faced plunger is:

o Bzrl2 .
22.9
where
F is the force in pounds
B is the flux density in kilomaxwells per square inch(

r. is the radius of the plunger

1
Using the best possible magnetic material with a maximum value

* Herbert C. Roters, Electromagnetic Devices, John Wiley and Sons Inc.,
1941, p. 202, equation (8¢).




for B of 15,000 gauss, the above equation becomes:

Fmax = 101.5 D2 (ib)
where D is the diameter of the plunger in inches. This equation is
plotted on page (11) for easy reference. ‘
There are four general conclusions which can be safely drawn from
the above data:

(1) A solenoid designed for intermittent operation will
produce about three times as much work as a solenoid of
the same size and weight designed for continuous operation.

(2) 1Intermittent solenoids are less efficient than continuous
ones,

(3) Very small push-type solenoids produce less work for their
weight than do pull-types.

(4) Solenoids are limited to approximately one hundred pounds
per square inch of the plunger's cross-sectional area

due to saturation of the iron pole pieces.
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Abstract

Tests were conducted on the BA31K7 bellows motor of Hercules Powder
Company of the type incorporated in the current Multivator design.
These tests showed that the bellows extended completely in 0.5 milli-
seconds or less but had an ignition delay time of 0.8 milliseconds. The
rapid stroke gave rise to high accelerations on the order of 5000 g's
which resulted in high inertial forces. The average work output was
36 in-1b over a 0.4 inch stroke, with initial starting forces of 160 lbs.
Average stroke forces were computed to be 80 to 130 1bs. over the stroke
length. The bellows motor received its power output from rapid heating
and expansion of gases. The residual or holding force of the extended
bellows was due to the rigidity of the casing, and was found to be about

2 1/2 times higher than the 20 1lbs. noted by the manufacturer.

ii



ACKNOWLEDGEMENTS

I wish to acknowledge the assistance of Bill Lapson in the
collection of the data and the organization of this report. I would also
like to acknowledge the assistance of Dan Rogers who helped design and

construct the test apparatus.

iii



Introduction

The tests described in this report were intended to provide insight
into the performance of bellows motors of the type incorporated in the
current Multivator design. The bellows motor used in these tests was
motor No. BA31K7 of the Hercules Powder Company. The tests indicated how
to interpret the manufacturer's specifications, and also allowed the
energy output to be calculated. The manufacturer's specifications are

given at the end of the report.

Summary of Test Results

The general test results revealed that the average delay time before
bellows motion was 0.8 milliseconds at a firing current of 3 amperes.
The actuation or stroke time was 0.6 milliseconds for resisting forces
of 50 pounds or less and increased for increasing loads. This rapid
stroke time caused large inertial forces which will probably be the
major forces the designer will have to contend with in the motor's use.
The motors get their power output from rapid gas heating and expansion;
consequently, their stroke length and work output may be limited by a
long stroke time. It is, therefore, recommended that these devices not
be used for driving highly viscous loads which could result in long
stroke times.

- Tests showed that the bellows motor could deliver high initial
starting forces of 160 pounds with average stroke forces of 82 to 127
pounds for an average stroke time of 0.6 milliseconds. For a longer
stroke time of 1.1 milliseconds the average force was 42 to 66 pounds.
The output force for this model bellows motor was rated by the manu-
facturer only by its holding force of 20 pounds for the rated 3/8
stroke length. The test results showed a maximum final
capability of about 47 pounds for a final stroke length of 0.38 to 0.42
inches. Consequently, the device has a safety factor of 2-1/2 with
regard to the holding force. It should be ﬁoted that for loads above
50 pounds the final stroke length is unpredictable. With loads in excess
of 50 pounds the bellows failed to extend to the rated 0.38 inches and
after a few seconds collapsed to less than its initial fired length. The

collapse was due to the cooling of the internal gases.
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Description of Test Set-up

The physical test set-up shown in the figure on the following page
consisted of a pressure tank to supply the load force, a piston and
connecting rod to transmit the load to the bellows motor, a potentiometer
and oscilloscope to measure and display the displacement-time curve, and

a scope camera to record the results.

Apparatus Operation

The bellows motor was put into the firing chamber. Next the rod
with the sliding contact of the potentiometer was placed in contact with
the bellows motor. The rod was connected to the piston which moved in
the cylinder in the pressure chamber. The oscilloscope was connected
into the test circuit so that motion of the piston (and slider rod)
caused a voltage displacement. The scope sweep was triggered by the
firing circuit. Consequently, triggering the firing circuit triggered
the sweep. This enabled us to obtain the delay time between initiation
and incipient motion of the bellows motor. The piston displacement was
assumed identical to the bellows motor's displacement. Consequently,
the oscilloscope measured the bellows motor's displacement vs. time

characteristics.

Test Procedure

First, the bellows motor was measured for its initial length. Then
it was installed in the firing chamber. The pressure tank was pressurized
to the test pressure causing the piston to push against the unfired motor.
The motor was then removed and remeasured to detect any initial compression
by the test force. After the motor was replaced, the zero line on the
oscilloscope was set corresponding to zero displacement {(iLhe scale was
adjusted so 0.1 inch displacement corresponded to 1 cm of the scope
screen grid). Next, the pressure tank was repressurized to the test
pressure and the scope camera was opened on ''bulb'" exposure. The firing
circuit was closed and the bellows motor was fired, leaving its time-
displacement trace recorded on the film. The fired bellows motor was

then remeasured to detect any compression occurring outside the scope time



range and to get an accurate final displacement. (Test Data recorded

in laboratory notebook, pages 16 to 21.)

Test Results

The results of the several tests were for a constant firing current
(2.8 amps) with load force a parameter. These tests yielded directly the
time-displacement curves, the delay time, and the final displacement for
a given loading force. The acceleration and velocity curves were
derived by numerical differentiation of the displacement curves and thus

are limited in their accuracy (estimated at + 25%).

Estimate of Measurement and Calculation Errors

Micrometer reading of stroke + 3%
Oscilloscope measurements + 5%
Linearity of potentiometer + 5%
Photograph readings (measurement

of time and displacement) + 8%
Calculation and round off error

(Velocity, acceleration, parting

position) + 4%

Total Error + 25%
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Test No. 3 Test No. &4 Test No. 5 Test No. 6

30 psi 60 psi 60 psi 90 psi
Maximum Initial Stroke
(inches) 0.42 0.38 0.40 0.39
Average Qutput Force
over Stroke (1lbs) 145 83 56.4 72.5

"JAverage Total Work '
Output (in-1bs) 61.0 . 31.4 22.5 28.3
Figure 9. Average Total Work Output




Significance of Test Results

The tests showed that the tested bellows motors were conservatively
rated with regard to holding force and stroke length. Actual holding
forces shown in FE}.ﬁf were found to be as high as 47 pounds for the
rated stroke. The results confirmed the manufacturer's specifications
regarding actuation time of 0.5 milliseconds. However, the test also
revealed an 0.8 millisecond delay time before actuation. It should be
noted that large, inertial forces were created due to the extremely fast
actuation time. (These forces, given in Figure 6, were the dominant load
forces graphed in Figure 4.)

The displacement-time curves show an almost linear displacement for
the first two milliseconds. Consequently, the device's velocity can be
assumed constant with good accuracy. Using this assumption the separation
point given in Figure 8 of the piston shaft from the bellows motor was
calculated, and data after this point was not used for force calculationms.
The final stroke displacement (Figure 5) varied directly with the resisting
load for loads above 50 pounds but was uniformly constant for any load
from 0 to 50 pounds. The work output (Figure 9) was approximately
constant over the range of loads tested with the average output of
36 in-1lbs. for a 0.40 inch stroke. This output compared to 8 in-1lbs,
if the holding force is assumed to be the average stroke output force,
means that the designer can expect at least double the work output
calculated from the manufacturer's holding force data and still be safe.

One interesting test result was the fact that the bellows motor
obtained its force output from rapid heating of gases inside it rather
than through gas generation. This was verified in tests with loads over
50 pounds in which the gases had cooled enough after 50 milliseconds to
allow crumpling of the extended bellows by the iovad. Consequently, the
usable force output and maximum stroke length are governed by the speed
of the stroke. For a very viscous loading of equivalent resisting force
one should expect a reduction in the stroke of the bellows motor, due
to the reduction in the stroke velocity. Thus,the resulting longer
stroke time would allow more energy to be lost through cooling. For
space applications where the environment is apt to be something less than

room temperature this device will deliver more of its available work

/



output out as heat and thus lessen its terminal stroke length (assuming
viscous loading). The residual holding force by which the company rates
this particular bellows motor was found to be due to the rigidity of the
bellows casting. Tests conducted with an expanded bellows motor with and
without a hole in the case showed that the residual internal pressure is
negligible in producing the residual force. One test showed that sufficient
heat transfer had occurred to allow crumpling from the pressure load after

50 milliseconds.

General Conclusions

The test results were somewhat limited in their accuracy due to the
fact that sliding friction of the system was unaccounted for and the data
was only valid up to the point where the piston and shaft separated from
the expanding bellows motor. These errors were considered small due to
the large size of the resisting force compared to an estimated friction
force of less than one pound. This force was assumed due to friction of
the bellows motor moving along the sides of the firing chamber. Also the
separation point occurred after at least 60% of the bellows motor's
maximum extension. The major item which interferred with the quality of
the tests was the actual data recording on film. This data was hard to
read accurately due to the quality of the picture and the thickness of
the oscilloscope trace. It probably could be recorded better if a
Sanborn fast response recorder were used instead of the oscilloscope
and camera.

Other improvements which could be made to the test set-up would be
a pressure transducer which could plug into one of the Sanborn's recording
channels. This pressure transducer in the pressure tank could detect if
the tank pressure did stay constant as assumed or whéther the rapid piston
motion caused shock waves in the chamber. These shock waves might account
for the buffeting actions observed in the acceleration and velocity of
the piston. Another improvement to the set-up would be an adjustable
firing chamber which would fit more closely around the bellows motor.

With a close-fitting sleeve, the bellows motor may be able to deliver

more force and more work before crumpling. Also some kind of adjustable



detent is needed to keep the piston from crushing the bellows motor

before firing. By having it adjustable the piston and bellows motor could
be brought into contact. Then the bellows motor would immediately be
opposed by the resisting load when fired.

Consideration of the bellows motor as a mechanical actuator showed
that it is a very efficient device. When the bellows motor was compared
with a theoretical helical spring of the same size, it produced better
than ten times the work output per unit weight than the spring. Even
using the rated holding force in the calculation of the work output, the
bellows motor was several times better. Further comparisons of the bellows
motor and a solid bar spring showed that the bellows motor produced more
than ten times the energy per unit weight than stored in the solid bar.

A final comparison of the specific energy output of the bellows motor to
that of gunpowder or hydrazine shows that its output is about one thou-
sandth of that which could be delivered by and equivalent weight of pure
explosive charge. Consequently, though the present bellows motor has a
high energy-to-weight ratio, it is theoretically possible to improve‘the

device to deliver even more energy.



Comparisoh of the Specific Work of the Hercules BA31K7 Bellows Motor

and a Theoretical Helical Spring

Specific Work Output of the Bellows Motor

Average work output = 36 in-1b for a 0.40 inch stroke
Dimensions (unfired):
Diameter: 0.320 inches
Length: 0.625 inches
Bellows motor's weight = 2.185 gms = 4.83 x 10-3 1b.
WS, specific work output = 36 in - 1bf
4.83 x 107> 1bm

WS = 7450 in - 1bf/1bm

Using the rated holding force of 20 1lbs:
WS, average work output = 8 in - 1bf for a 0.40 inch stroke
WS = 1660 in - 1bf/lb

Helical Spring Specific Work Output

For an ideal helical spring (of the same size as the bellows motor)

T max = 16 PR (1 +d) * 10)
Hd3 4R

= load applied to spring
= the outside radius of the spring
the thickness of the spring coil

= the stroke length for the spring

=B B - N -
n

= 0.16 inches (the radius of the bellows motor)
tmaXx = the maximum shear stress in the spring
Assuming steel (oil quenched 0.8% carbon)
p, the density, = 0.283 1b/in3

The proportional limit, 7 = 96,000 psi
Shear Modulus of Elasticity G = 12 x 106 psi

* Timoshenko and Young, Elements of Strength of Materlals 4th edition.
D. Van Nostrand Co. Inc. 1962, p. 78.
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Let tmax = T proportional limit for maximum work storage.

Solving formula 10 for P

P = Tmax.nd? (11)
16R (1 + d)
4R
For a helical, closely coiled spring: (12)
3
5 = Q%EEE_ *
d G

where

the number of spring coils

the shear modulus of elasticity
Solving for the spring constant, X, substituting for P, S from
equations (11) and (12):

K = P _ 'rmax.nds daG
T % 16R (1 + d) 3
IR 64nPR
7 16R(1 + d)
g = max.d.0 — R (13)
16(64) R n(l +d ) Tmax.yxd
4R
de4
K = 3
64R™ n

Substituting for P in equation 12 and solving for & in terms of

Tmax.:

5 = 64nR3 Tmax.ﬂd3
B 4

16R(1 + d)
Gd IR
2
5 = 4xR ntmax.
Gd(1 + d)
4R (14)

* Timoshenko and Young, Elements of Strength of Materials, 4th Edition.
D. Van Nostrand Inc., 196Z, p. 78.

11



Using formulas (13) and (14) to solve for total work output of a

spring: 2
‘ Wbrk = K3
2
- 1 Gda (l;n‘Rznrmax.‘\z
2 3 \Gd(1+4d) )
64R™n iR
_16d*  16x%R*n’rmax.?
2 64r°n G2a%(1 + @)°
4R
2.2 2
Work -1 aRd n(xm;x)
4G(1 + d)
4R (15)

Assuming the spring will occupy the same volume as the unfired

bellows motor when the spring is fully compressed.

0.625
d

Let df-»R = 0.16
n= 3.9 coils = 4

n=

2 3 2
Maximum work output = 1l x (.16) 4é96,000) )
4(12 x 10°) (1.25)

N

Maximum work = 9.94 in-1b. for a spring stroke of
® = .0515 inches

It

Spring weight = 0.283 1b/1n3 nRz(n)(d)

1.42 x 10" 21b

the maximum specific work is given by:

994 in-1b _ 700 in-Ib

1.42 % 10-21b 1b. of steel

WS, specific work =

.0515 inch stroke.

12
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For a more realistic spring let d be such that & = 0.40 inches,
the stroke of the bellows motor.
From equation (14)

_ 4 Rzn max.

5 = and n = compressed sSpring 1ength - 0.625

Gd(1 + d) coil diameter d
4R

substituting for n and solving the above equation for d:

3
d3 + 4Rd2 _16 R (6825) max

substituting in known values:

4 e4d? - 2.58x10% =0

d = .02 inches
Solving for the work output using equation (15):

625
1 2(.16)(.02)2(,02 (96,000) >

Work = 5 3
4(12 x 10°)( 1 + .02
4(.16)

Total work = 1.84 in-1b for
d = 0.40 inches

Weight of spring = 0.283 1b/in3 <~R2 _ (R-d)z) nd

2
0.283 1b/, 3 (.625) (.16 - .14%)

(0.283 1b/,_3) (.625) (.006)in"

3.34 x 1072 1b

Specific work output:

Total work _ 1.84 in-1b _ 550 in-1b
Spring weight 3.34 x 10-31bm 1bm
Specific work output = éé%giﬂllk

for a stroke of 0.40 inches (the stroke of the tested bellows motor)

13



Further idealization resulted in calculation of the energy storage
. capacities of a solid steel bar in pure compression and of a pure

explosive charge.

Specific Energy of Solid Spring (Solid Bar)

| v =§§ (16)
1 where U = strain energy (in-1b)

P = load (1lb)

® = the deflection due to the load (incﬂea)
| P = cA (17)
| where A = the area of the bar

g = the tensile stress
1 = the length of the bar
Using Hooke's Law:
. Pl
6 = AE (18)

where E = the modulus of Elasticity

Therefore, substituting for P and & using equations (17), (18):

- 02A1

2E (19)
Using steel (oil quenched 0.8% carbon)

E=30x 106 psi

o = 120,000 psi

p = 0.283 lb/in3
8

T = 144 x 107Al
60 x 106

Volume = Af = (.625)5.32)2n (using volume of unfired bellows motor)
A

5.03 x 10-2 cubic inches

Weight = 0.283 x 5.03 x 1072 = 1.42 x 1072 1b

Volume

Therefore the maximum specific strain energy stored by weight:

8
144 x 10°9A1  _ .
U = == = 850 in-1b/ ,

60 x 106(A1p)

14



The Specific Epergy Output of Gunpowder and Hydrazine

For normal gunpowder:
E_, the specific energy output = 740 cal/gm
1 1b = 454 gm
1 cal = 3.087 ft-1b

37.1 in-1b

Using the conversion factors:

E_ (gunpowder) = (740 cal)454 gm/ (37.1 in-1b)
s 1bm ool

- 7
ES = 1.25 x 10 1n-1b/1bm

For hydrazine (N2H4):

Es’ the specific energy output = 38.1 Kcal/mole

1 mole

1 Kecal

32 gms
37.1 x<103 in-1b

Using conversion factors

_ 38.1 Kcal _ 454 gm 3,
¢ = 37 gm X =g X 37.1 x 107 in lb/Kca

R E 1

7 .
2.01 x 10 1n-1b/lbm

15




SAMPLE CALCULATIONS

The purpose of this section is to demonstrate the methods used in

reducing the test data to the previous tabulated form.

X

(inches)

to t1 Time (sec)

Figure 10 - Displacement - Time Curve

Velocity Calculations

From basic calculus:
dx

7 =
v =

for linear motion (1)

Using the numerical approximation:

1~ % 2)
From the raw test data, test no. 3, page 25 of Project Multivator

laboratory notebook no. 3:

t .8 milliseconds X

0 inches
o o

£

.9 milliseconds X 0.02 inches

16



X, -X
1l "o

v, = =

(.02 - 0) inches

Looey-t, (.9 - .8) x 10° sec.
v, = -02 inches = 200 inches/second
1 A
10 seconds
at t, = 0.9 milliseconds

1
However, since this velocity is assured constant over the 0.1
millisecond time interval, t average = 0.85 milliseconds was used for

graphs and tables.

Acceleration Calculations

From calculus:

) i S
. d Xy ) dv1 ) dt1 dt1 3
1 dt2 atl dt1

1 1 ¥ T x
a - AXl Ato ] tl -t to - -1

1 At 5o
. ~ Xl - XO ) XO - x-l

1/ - - - -

L Tt A G P C Ry )

From test data, test no. 3, page 25 of notebook no. 3:

xl = .02 inches t1 = 0.9 milliseconds
Xy = 0 inches t0 = 0.8 milliseconds
x_1 = 0 inches t_1 = 0.7 milliseconds




(.02 - 0) inches

a =
1 (10-4 sec.)2

2 x 106 inches/(second)2

Force Calculations

Resisting Pressure Force (Load):

This force was considered constant due to the large tank volume
compared with the volume displaced by the piston motion.

Piston Area: Ap: 0.785 square inches

Pressure Force, Fp: tank pressure x piston area
F =P xA 5
. D (5)
e.g., at 60 psi tank pressure
FP = 60 psi x 0.785 square inches

= 47.1 pounds force

Inertial Forces

Inertial forces are the forces associated with a mass under
acceleration. 1In this experiment, these were quite large and very
important.

Inertial force, Fl(t) =M x A(t) (6)

where

M = the mass of the moving system, is the piston, shaft, etc.

The mass associated with the moving part of the bellows was
neglected.

A(t) = the system's acceleration, inches per square second,

at some time, t.

From measured data:

M = .0279 pounds weight (a weighed quantity)

The gravitational constant, g = 386 EEEE%E

sec

18



2

_ .0279 _ -4 1lbs. - sec.
M= 386 0.724 x 10 Tnches
From reduced data of test no. 3:
at t = t2 = 1.0 milliseconds

a(t2) = 106 inches/sec2

-4 1bf - sec.2 106 inches

inches 2
sec.

F, (t,) = 0.724 x 10

1§

72.4 1bf.

Bellows Motor Output Force Calculation
The bellows motor force output FB(t) equals the sum of the

opposing forces at any time, t. Referring to the diagram:

MOVING | r.®
Fp(® | e’

MASS F
. 4

Figure 11 - Force Diagram-

FB(t) = Fp + FI(t) a)

Neglecting viscous effects as being very small.

Using previous test data from test no. 3

at t = t2 = 1.0 milliseconds

F_ = 23.6 1bf.
p
F,(t)) = 72.4 1bf.
i 4
FB(tZ) = 72.4 + 23.6 = 96.0 1bf.

Iotal Work Output
With the calculation of the output force vs. time, and using the

displacement vs. time characteristics,to relate the force with displacement

the output force vs. displacement curve was constructed. Then the

19



average force output* over the total displacement, the average work was

compluted:
Average Total Work Output = Average Force Qutput x Stroke Length
WT = FA.x d (8)

Calculation of Piston Separation

From the examination of the displacement time curves, it was noticed
that the piston of the test set-up seemed to separate from the bellows
motor. This resulted in the observed overshoot. Consequently, any
results after separation would not be useful, because they would describe
the piston and shaft's motion but not necessarily that of the bellows
motor.

To calculate the point of separation the following assumptions were
used:

1. The sliding friction and viscosity forces were negligible.

2. The tank pressure force was constant.

3. The velocity was constant over the interval before
separation,

Under the above assumptions the change in kinetic energy of the
moving system (i.e., the piston, shaft, etc.) will equal the work dome
by moving the system over the overshoot displacement against a constant
load.

2 2

1/2 MV1 - MV2 = Fp(xf - %)

~
\O
S~

V, = 0 at max. overshoot displacement

The formula reduces to
1/2 MV 2 - F (x. - x))
1 p £ s

* The average force output equals the sum of the forces over their
stroke divided by the number of forces summed, i.e., for test no. 3
table no. 2

169 + 3(96) + 241 + 169 _
6

Favg. = 145 1bf.

20



For t

V, = the average velocity of the piston over the time

1 displacement

M = the mass of the moving system
F

the resisting pressure force

P
Xp = the maximum displacement
X, = the point where separation occurs
est no. 3

_ .67 inches _ .
V1 = T.7 milliseconds _ 558 inches/second

-4 1bs-sec2
M= 0.724 x 10 —
inch

Fp = 30 psi x .785 = 23.6 lbs,

X = 0.74 inches

o o 7y L (726 x 1074 (558) 2
s 2(23.6)

x, = 0.74 - .48 = 0.26 inches

System Friction Forces

to maximum

The moving system had negligible friction associated with it.

Consequently, the remaining friction in the system was that of the

bellows motor rubbing along the wall of the firing chamber.

Assuming:

1. a friction coefficient g of 0.3 for Aluminum

2. a constant force throughout the stroke of 100 1lbs.

21




SONONNN

NORMAL FORCE

]
NS
~

/7 /77777 /7 777

Figure 12 - Friction Force Diagram

_ 0.02
Normal Force = 100 lbs 25
= 2 = 3.2 1bs.
.625

Friction Force = p x normal force

= 0.3 x 3.2 = 0.96 1bs.
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I. DESCRIPTION OF ‘THE VALVE

The subject of this analysis 1is shown in Fig 1. :
Prior to activation slide A 1s at the top of 1ts enclos-
1ing chamber as 1s Slide B. Passage D 1s open and passage
T is closed at this time. Upon activation a supply
pressure R, 1s applied, forcing slide A into the position.
shown. For the instant of time shown, slide B has Jjust
begun to move, forecing the fluid beneath it through -
passage T into chamber 3.

Both the valve casing and the slides are made from
303 stainless. The slides have a radial clearance of
approximately one mil. A high vacuum grease (Dow Corning)
was used to provide lubrication and a seal around the
8lides. During testling air was used to activate the valve,
and water was the fluid 1n chamber 2.

IT. ANALYSIS

+ The object of this study was to determine the dynamic
characteristics of this valve, for the purpose of obtalning

- a better understanding of the effects of geometry and

pressure levels on its performance. Hopefully thils will

in the end lead to a better or more nearly optimum design.
- The analytical model and nomenclature which was chosen

- 1s shown in Fig. II. Note that slide A is not shown. This

. was done for two reasons; first that the interesting ppart

L of the entire sequence of events happens after this slide

has completed its motion, and, second, that it would not

'l*be possible to combine the analysis of the two slides

- without.a delay function, a messy mathematical concept. .

‘'The analysis consisted, then, of the dynamic characteristics
of.slide B after slide A had completed its motion.'

- ' Assuming that the damping between the slide and its
‘container walls 1s completely viscous or proporticnal to

- the velocity with no static effects, Newton's second law

*gives for the slide '

. : 'l o o9, | .
. "?’4: 'Dz'A‘z = MX + BX ' (l)
The continuity equation applied to chamber 2 gives
Q,. - Vo/ome /‘—/ovvkéfc = /4 X o ’ (2)

'neglecting any compressibllity effects. Witn the assump-
tions that the flow 1is fully developed and laminar with
negligible entrance and exlt effects, Ref.1 says that

Q' | 3‘2 (7 - £A3) )

o (1)
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where 4 1s the fluld viscosity and L 1is the length of the
tube.

For chambers 1 and 3 the continuity equation is
M, = Mass Flow fate = S(525) n23 ()
” @SS . o/t @7;, . )
and the energy equation is
2 oV / o
M,,Z;-E-;'-ﬂﬁ’ = W 3(’;%’) Hne=13 (5)

If the flow through passages A and A  1s assumed to
be described by the orifice equat108 for cSmpressible flow,

Mi can be related to Pi' For the area AO
| -% A »

M = GyCads B (7% % (2]) (6)
where :

5(2)= 2 (L [1-R)%]" (7)

In this equation k 1s the ratio of specific heats (1.4 for
air), C_ and C, are constants, and C is the discharge
coefficfent foP the orifice. A simif%r equation could be
written for M,, and 1t would be possible to relate the
motion of the-slide to the pressure in chamber 3 and the
exlt pressure., As can be seen by an inspection of Eqn. 7
this relation would not be explicit and would be quite
non-linear, ,

In order to obtain a representation suitable for
analysis, a bit of linearization is now called for. It it
is assumed that the change of state of the fluid in
chamber 1 1s isothermal, then for small variations

| [R:dcayy , Vidcar)]

aM o7 [ Jt

where the delt@ notatlon refers to a small change of the
variable. The subscript 1 indicates that the quantity so
marked is a constant evaluated at the operating point. If
the change of state of the fluld i1s assumed to be adiabatic
Eqn. 7 becomes

00}
~o

s T - P L1 I % 4 £)
[ ) T e ST )

It can be seen that the two equations are essentially the
same, the only difference being in the magnitude of their
constant coefficients., Rather than assuming one or the

(4)




other, express the equation as

A decision as to what type of conditions actually occur
can then be put off until later, and the coefficients
evaluated correspondingly. A similar analysis applied to
chamber 3 gives

o (4als) ad (4~%)
AMJ - C‘sa? >~ c 3 % (11)
The mass flow rate into chamber 1 1s now found by

linearizing Eqn, 6. If the assumption of constant supply
pressure and temperature 1s made, this equation becomes

Aam = ) 48 =coan (12)

Correspondingly, for the mass flow rate out of chamber 3
it is found that :

oM. :

aMy = SE AR =448 (13)
Linearization of Eqns. 1, 2, and 3 gives

ABA, ~ARA, = MEdx)+Bodx) (14)

4@ = A, Lc4x) (15)

A X

A4, =gh 47 -aR) (16)
where D = d/dt, the differential time operator. The change
in volume, A'Vl and ¢1V2 may be expressed in terms of as

4 \// = A/(AX) (17)
and

A Vy ==AgAX) | (18)

Combining Eqns 10 through 18 it is found that

J VN (i:;m (Z":‘:;»?gax o (19)

Some physlcal significance may now be attached to the
coefficients. From the first term of the coefficient of the
first order derivative it can be seen that the effective
damping 1s directly proportional to the viscosity of the
fluid and the length of passage T and 1nversely proportional

()



to the square of the area of the passage. Thils seems
logical and probably could have been assumed before the
start of the analysis. The interestingpart 1s that it is
directly proportional to the square of the area of slide B,
a result which is not so obvious.

The third term of this coefficient looks at first

like a negative damping term. The coefficient C1 comes

from the equation of state of chanber 1, Eqn. 8, and is
L
C,= = 20
' RT (20)

It is a positive quantity and so the full term still
appears negative. In the denominator the term C_. comes
from the orifice equation, Eqn. 6. Performing the indicated
differentiations 1t is found that .

o - 5['5';—27;3"A°C‘]/§%')fi- (21)
where
R = 7::. (22)

Figure 3 shows a plot of f_(R) versus R. As can be seen
C. 18 Just a multiple of the slope of this graph near the
operating point. This will be a negative quantity. It
should also be noted that for a small pressure drop across
. the orifice, i.e. Rm1, 3%,4AR will be a large negative
quantity.

The other term of the denominator, C,, comes from the
equation of state for chamber 1, Eqn. 8, gnd is equal to

Ce = 5;%,. (23)

which is a positive quantity. Therefore the entire
denominator will be negative, and so, cancelling this sign
with the slign before the equation, 1t can be seen that the
term in actuality applies positive damping to the system,
(Reassurance as to the correctness of the analysis -
negative damping could prove distressing.)

Performing a simllar analysis of the last term of
the coefficlent 1t 1s found that the coefficlent C
resembles C,, being composed of the pressure P ané
the tempera%ure T.. Also, correspondingly, C 3resembles
C, with the subsc%ipts changed from 1 to 3. he interest-
igg quantity in this case is C.. Returning to Egns. 13
and 6 and performing the indicated differentiations it 1is
found that

(6



, - g[.@%&cf][ﬁ@)_@ é_j,égi& (24)

where
®= /R | (25)

Applying the same reasoning as before and noting that f
and Q are positive quantities while o%/0§ 1s a negative
quantity we see that C,. 1s a positive quantity. Therefore
the entire last term 19 positive and contributes positive
damping to the system.

The total damping coefficient 1s the composed of
a number of effects, It could be broken down into four
categories:

1. Damping due to viscous shear 1n the sealing grease

2. Damping due to the area of the passage T and the

fluid which is belng used

3. Damping due to orifice 1 and chamber volume 1

4, Damping due to orifice 3 and chamber volume 3

To get an 1dea of the relative magnitude of these
terms a few values for the present operating point and
present geometrical dimensions were used. Assuming

Supply pressure (P ) 20 psig

Exit pressure (p_)° 15 psi 4

A=A, = A a 0.0708 1ing

At 0.0021 in

L 0.85 in

M 2.71 1lom/hr ft

R ~1

Q ~1
calculations show that the equation of motion, expressed
in numerical form is

o2 Qxp"° 472007 DAX
ICIYEIT zo) (oo v . 96x10D)

C110°D%Ax /2. 83x/0C4 8532

if the change of state 1is assumed 1sothermal and

. " rexp~"° 17207
EXN0"LAx+)2.8340 FEE2 P 5 1 9x0p) T %X D) o

if 1t 1s considered adiabatic,

(7)
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As can be Been, for the present operating point the
contributions ©f the last two terms are negligible,
irrespective of the assumed change of state. Apparently
they will only be important under choked conditions.

Under choked or near choked conditions C. - 0 and C,.-l.
Therefore 1t appears that for all condit?ons the contribu-
tion due to the last term wilill be negligible. As stated
before this 1s the contribution due to orifice 3 and volume
3. However, under choked conditlons the contribution due
to orifice 1 and volume 1 will not be a damping effect

but rather a spring effect. An lnspection of equations

20 and 23 show that the magnitude of this contribution

will be directly proportional to the pressure Pl’

IIT.- CONCLUSIONS

As expected the behavior of the valve 1s a damped-
mass system under most conditions. The most important
contribution to the damping term cones, as expected,
from viscous shear with the sealing grease around the
slide. The only other signigicant contribution comes
from the dimenslons of the passage T and the properties
of the fluild contained in chamber 2. Under certain
conditions, l.e. choked flow in orifice A , a spring force
term will be Introduced into the equation?

From this linearized analysis of slide B 1t 1s possible
to draw a number of conclusions about the entire system.
As the volume flow rate into chamber 3 1s directly propor-
tional to the displacement of the slide, knowlng how this
quantity varies will give us the flow rate for any
conditions of geometry, fluid properties, and operating
point. If the total time of action of the valve is of
interest the actlion of slide A may be taken into account
by merely considering it as a separate entity. The time
required for 1its motion could then be added to the time
of actlion of slide B for the total action time of the
valve,

(8)



»

LIST OF REFERENCES

Blackburn, J.F., Reethof, G., and Shearer, J. L.,
Fluid Power Control, The Technology Press of M.I.T.,
Cambridge, Mass., 1960.

Keenan, J.H., and Kaye, J., Gas Tables, John Wiley
and Sons, Inc., New York, 1950.

Shapiro, Ascher H., The Dynamics and Thermodynamics
of Compressible Fluid Flow, Volume I , The Ronald

Press, New York, 1953,

)



